lection from both agents simultaneously. Simultaneous selection on floral traits by herbivores and pollinators can lead to reinforcing (i.e., same direction; Sletvold, Moritz, & Ågren, 2015) , or more commonly conflicting (i.e., opposing directions) selection on reproductive traits (Johnson et al., 2015) . For example, in bird's-eye primrose (Primula farinosa), taller inflorescences attract more pollinators, but they are also more susceptible to grazing herbivores, resulting in opposing selection on inflorescence height (Ågren, Hellström, Toräng, & Ehrlén, 2013) . Despite advances in our understanding of the roles of herbivores and pollinators in imposing selection on plant reproductive traits, recent evidence suggests that variation in plant defences may modify interactions with these biotic agents and alter herbivore-and pollinator-mediated selection on plant reproductive traits.
Plant defences may modify the extent to which biotic agents impose selection on reproductive traits by altering the intensity of species interactions. For example, by reducing the strength of interactions with herbivores (i.e., through reduced herbivory), plant defences may reduce the strength of herbivore-mediated selection on plant traits. In addition, some studies have shown that damaged plants are less frequently visited by pollinators (Lehtila & Strauss, 1997 ; Mothershead & Marquis, 2000) , leading to the possibility that defences may alter the strength of pollinator-mediated selection by reducing herbivore damage. Alternatively, pollinator-mediated selection may be altered by plant defences when defences expressed in floral structures or nectar influence pollinator attraction and/or pollination success (Adler, 2001; Adler & Irwin, 2005) . Finally, plant defences may alter selection on reproductive traits independent of their role in influencing biotic interactions; allocation costs (Strauss, Rudgers, Lau, & Irwin, 2002) associated with the production of costly plant defences may trade-off with the production of particular reproductive traits (e.g., flower production, scent), rendering the expression of such traits below the phenotypic optimum. This process is expected to cause defence-mediated changes in selection on reproductive traits . Quantifying how plant defences, herbivores and pollinators interact to influence selection on plant reproductive traits would provide important insight into the causal agents responsible for driving the diversification of reproductive traits in flowering plants.
Recent work supports the hypothesis that pollinator-and herbivore-mediated selection could be contingent on a plant's defensive phenotype. found that the presence of a chemical antiherbivore defence (hydrogen cyanide) altered selection on floral traits in white clover (Trifolium repens) and speculated that altered interactions with herbivores and pollinators-rather than trade-offs in resource allocation-were responsible for differences in selection between defended and undefended genotypes. A second study in common milkweed (Asclepias syriaca) corroborated the hypothesis that variation in defence can alter selection on inflorescence number and size (Thompson, Cory, & Johnson, 2017) . A shortcoming of these previous studies is that they did not experimentally manipulate biotic interactions, making it difficult to disentangle whether observed differences in selection between defended and undefended plants were due to allocation costs associated with defence or altered interactions with herbivores and/ or pollinators. The simultaneous manipulation of plant defences, pollination and herbivory is necessary to test the hypothesis that variation in plant defence alters herbivore-and pollinator-mediated selection on plant reproductive traits.
In this study, we experimentally test the hypothesis that plant defences alter herbivore-and pollinator-mediated selection on reproductive traits. We conducted a common garden field experiment using clonal genotypes of white clover (T. repens) that vary in a Mendelian-inherited defensive phenotype-cyanogenic (HCN + ) or acyanogenic (HCN − ) phenotypes (i.e., discrete variation in the production of hydrogen cyanide due to a Mendelian polymorphism).
In this experiment, we factorially crossed the defence phenotype, herbivory and pollination environment. While plant chemical defences and levels of herbivory and pollination vary continuously in many plant species, the discrete nature of the cyanogenesis polymorphism and the manipulations imposed in our experiment make this an elegant system for assessing how plant defences may alter herbivore-and pollinator-mediated selection on reproductive traits.
In addition, although plant defences and our herbivory manipulation both have the effect of reducing levels of herbivore damage, defence is a property of the plant, and herbivory is imposed by invertebrate and vertebrate herbivores. Moreover, the presence/absence of HCN explains <8% of the variation in herbivory in field experiments . Therefore, independent manipulation of plant defence and herbivory is needed to determine whether altered patterns of selection are being driven by the contemporary herbivore community or by the plant's investment in chemical defences, filling a key gap in our understanding of the agents responsible for imposing selection on plant traits. 
| MATERIAL S AND ME THODS

| Study system
Trifolium repens (Fabaceae) is a perennial legume that reproduces clonally through the production of horizontal stems along the soil surface (i.e., stolons). Native to Eurasia, it was introduced to temperate regions worldwide as a forage and nitrogen-fixing crop (Burdon, 1983; Kjaergaard, 2003) . Plants are typically found in grazed or mowed pastures, lawns and meadows where they maintain large populations (Burdon, 1983) . Individuals reproduce sexually by producing inflorescences (e.g., range: 0-374 in our experiment) that arise from stolons, each consisting of multiple flowers (mean = 61 flowers/inflorescence) visited by a variety of bee species (Kakes, 1997) . Flowers are hermaphroditic and plants are outcrossing because of a gametophytic self-incompatibility system (Burdon, 1983 ).
Many populations of T. repens are polymorphic for the production of hydrogen cyanide (HCN), an antiherbivore defence, with cyanogenic (HCN present) and acyanogenic (HCN absent) cyanotypes co-occurring in most temperate environments (Daday, 1958) . The cyanogenesis polymorphism is caused by two independently segregating Mendelian loci, the molecular basis of which was recently characterized (Olsen, Hsu, & Small, 2008; Olsen, Kooyers, & Small, 2013; Olsen & Small, 2018; Olsen, Sutherland, & Small, 2007) . The Ac/ac polymorphism is caused by gene deletions at the CYP79D15 locus which encodes the cytochrome P450 subunit involved in the synthesis of cyanogenic glycosides (linamarin and lotaustralin), which are stored in the cell vacuole (Olsen et al., 2008 (Olsen et al., , 2013 . Plants require a dominant allele (i.e., Ac−) at this locus to produce cyanogenic glycosides. The Li/li polymorphism results from a gene deletion at the Li locus encoding the hydrolysing enzyme, linamarase, which is stored in the cell wall (Kakes, 1985) . Plants also require a dominant allele (i.e., Li−) at this locus to produce linamarase. Thus, only plants with dominant alleles at both loci produce HCN (i.e., cyanotype Ac− Li−), which is released when cell damage causes cyanogenic glycosides and linamarase to interact (Hughes, 1991) . If either locus is homozygous recessive, then a plant will lack HCN (i.e., cyanotypes Ac− lili, acac Li−, acac lili). Molluscs (e.g., snails and slugs), insects (e.g., lepidopteran caterpillars) and mammals (e.g., voles) all feed on T. repens, and generally show reduced feeding on HCN + plants (Angseesing & Angseesing, 1973; Burgess & Ennos, 1987; Dirzo & Harper, 1982a , 1982b Saucy, Studer, Aerni, & Schneiter, 1999; .
| Plant material and genotyping
We obtained 50 clonal plant genotypes for use in our experiment, consisting of both cyanogenic and acyanogenic cyanotypes.
Throughout the text, "genotype" is used to refer to the 50 clonal genotypes collected for our experiment, "cyanotype" is used to refer to the four possible combinations of alleles at the loci underlying . The maternal plants from which our seeds were collected originated from a single population located on the University of Toronto Mississauga campus .
We germinated seeds in potting soil (Sunshine® mix #1; Sun Gro Horticulture, Agawam, MA, USA) and maintained them in a growth chamber with 16 hr/day of 200 μmol m −2 s −1 light set to 25°C and 55% humidity. To determine the defensive phenotype (i.e., cyanogenic or acyanogenic) of these plants, we used Feigl-Anger assays (Feigl & Anger, 1966) with test papers prepared according to the procedure of Gleadow, Bjarnholt, Jørgensen, Fox, and Miller (2011 
| Experimental design
To examine how plant defences, herbivores and pollinators interact to exert selection on plant reproductive traits, we con- Plants were grown in a common garden in the field (Supporting Information Figure S1 ). Before moving plants to the field, we allowed each plant to establish in 530-ml square pots filled with potting soil Figure S1 ). We then allowed plants to grow under natural conditions (e.g., unfertilized, natural water) for the duration of the experiment.
To experimentally reduce herbivory, we applied both molluscicide and insecticide to individual plants. We applied 800 mg of molluscicide (Safers® Slug and Snail Bait, Lititz, PA, USA) biweekly to reduce the abundance of snails and slugs-common herbivores of T. repens-and applied 0.0092% insecticide weekly (Coragen®; Dupont Chemical, Mississauga, ON, Canada) to reduce the abundance of chewing insects (e.g., lepidopteran larvae and beetles). To manipulate the amount of pollen received by plants, we provided plants with supplemental pollen every 2 days-weather permitting-throughout the flowering period. Supplemental pollen provides an effective means of quantifying pollen limitation (Ashman, Knight, Steets, & Amarasekare, 2004) , and it is commonly used in studies of pollinator-mediated selection (e.g., Parachnowitsch & Kessler, 2010; Sletvold et al., 2015) . We used pollen supplementation rather than pollinator exclusion to quantify pollinator-mediated selection because T. repens requires outcrossed pollen for successful seed set; pollinator exclusion (e.g., 
| Herbivore damage
Throughout the experiment, we quantified invertebrate herbivore damage to leaves and flowers, in addition to grazing by vertebrates. To estimate the amount of invertebrate herbivore damage to plant leaves, we conducted three surveys over the course of the experiment at monthly intervals (beginning June 23, July 23 and August 24) following planting. For each survey, we estimated the percentage leaf area lost from each of five leaves per plant and took the mean of these measurements as our estimate of plant-level herbivore damage. Importantly, plant cyanotype was unknown to the surveyor (JSS) during all herbivore damage surveys. We surveyed older nonsenescing (i.e., still completely green) leaves to ensure enough time had passed for herbivore damage to accumulate and to provide leaf age standardized estimates of herbivory across plants. Visual estimates of percentage leaf area lost provide results consistent with those derived from image software analyses (Johnson, Bertrand, & Turcotte, 2016) and are sensitive enough to detect defence-mediated differences in herbivore damage in this system Thompson, Renaudin, & Johnson, 2016) . We also 
| Trait measurements
We measured six traits during the experiment, many of which showed significant genetic correlations (see supplementary results: "Total selection and trait correlations"; Supporting
Information Table S1 ) and had previously been shown to be under selection in this system at the same study site . These traits included ( (Schaal & Leverich, 1980) and show evidence of strong selection in this system .
We also counted the total number of inflorescences produced by each plant over the course of the entire experiment. We counted the number of flowers on each of two dried, completely intact and randomly selected inflorescences per plant; the mean of these two measurements is our estimate of the number of flowers per inflo- Machine Company, Inc., Lincoln, NE, USA) and then separated the seeds from the chaff using a wind tunnel. We used the total mass of seeds produced by plants as our measure of maternal fitness.
Seed mass is highly correlated with seed number in this species (r = 0.97, n = 35; and is thus an effective proxy of fecundity.
| Statistical analyses
| Assumptions of statistical models
Prior to conducting analyses, we assessed whether the distribution of traits and residuals from statistical models met assumptions of normality and homogeneity of variance. Some traits were transformed to better meet these assumptions (see data transformations, Supporting Information Table S2 ), although relative fitness was left untransformed to preserve the interpretation of estimated selection gradients (Lande & Arnold, 1983; Mitchell-Olds & Shaw, 1987) . We also assigned each plant to one of six equally sized spatial blocks to partition spatial variance across the common garden. With the exception of date to first flower, spatial block was a significant predictor of variation in all reproductive traits and plant fitness (all p ≤ 0.001). All analyses were performed in R version 3.4.3 (R Core
Team, 2016) in the RStudio™ environment (RStudio, 2016) . All data and R code are archived on Dryad.
| Pollen limitation and efficacy of HCN and herbivory treatment
Prior to examining the phenotypic effects of our treatments and defences, it was necessary for us to evaluate whether our treatments and HCN worked as intended. To determine whether the presence of HCN and pesticides reduced herbivory, we fit percentage leaf area lost to the following linear mixed-effects model using maximum-likelihood estimation implemented in the "lme4" (Bates et al., 2015) and "lmerTest" (Kuznetsova, Brockhoff, & Christensen, 2017) We then performed a backward model selection procedure to optimize the full model and remove higher-order interactions using the "step" function in the "lmerTest" R package (Kuznetsova et al., 2017) while maintaining all main effects in the model. This function starts with the full model and then optimizes the random effects structure, followed by the fixed effects structure, to return the final reduced model as recommended by Zuur, Leno, Walker, Saveliev, and Smith (2009) . We used a threshold of p = 0.05 to drop terms during model selection. We determined the significance of fixed effects using the same method described above.
| Genotypic selection analyses
To address questions 2-5, we used both univariate and multivariate genotypic selection analyses (Lande & Arnold, 1983; Price, 1970; Rausher, 1992) . To determine whether the biological assumption of selection analyses was met, we first estimated measures of clonal genetic variance, broad-sense heritability and coefficients of genotypic variance for all traits using untransformed values as per Houle (1992) (see supplementary methods: "Testing assumptions of selection analyses"). All analyses were performed using genotype means to avoid environmentally induced biases in the estimates of selection (Rausher, 1992; Stinchcombe et al., 2002) . Some genotypic trait means were transformed to better meet assumptions of normality and homogeneity of variance (genotypic transformations, Supporting Information Table S2 ). We standardized trait values to a mean of 0 and standard deviation of 1. We first performed univariate selection analyses to quantify the total selection acting on each trait, estimated as the genetic covariance between relative fitness (w) and genotypic variance in a trait, which is equivalent to the selection differential (Price, 1970) . Relative fitness of a genotype was calculated as within-treatment genotype-mean seed mass divided by the mean seed mass of all genotypes across all treatment combinations. We then conducted a multivariate selection analysis that Because plant defences, herbivores and pollinators may all impose selection on plant reproductive traits, we were interested in assessing the overall direction and magnitude of selection imposed by each of these agents, when averaged across all traits in our study (question 5). This is possible because selection gradients reflect the standardized relationship between relative fitness and trait variation in standard deviation units (Lande & Arnold, 1983) , which facilitates comparisons across traits and, importantly, across studies (Kingsolver et al., 2001; Siepielski et al., 2013 In cases where significant interactions were found in the multivariate selection analyses outlined above, we ran simple linear models on subsets of our data (e.g., ambient herbivory only, cyanogenic plants only) to examine changes in the strength and direction of selection on traits for the different levels of the interacting factor. Linear models corresponded to the reduced model following backward model selection.
| RE SULTS
| Pollen limitation and herbivore damage
Our pollination treatment was effective at fertilizing plants, yet there was no pollen limitation (see supplementary results: "Pollen limitation and efficacy of hand pollinations"; Supporting Information Figure S3 ).
Similarly, HCN defences and our pesticide treatment both reduced herbivore damage on T. repens plants across all sampling dates (see supplementary results: "Herbivore damage in response to pesticide treatment and cyanogenesis"; Supporting Information Figures S4 and S5 ). Table S7 ). 
| Question
| D ISCUSS I ON
Our experiment tested the hypothesis that plant defences alter herbivore-and pollinator-mediated selection on reproductive traits. Several key results are important in answering our research questions. Specifically, we found that herbivory directly altered banner petal width, length, and number of inflorescences, with corresponding effects on fitness, whereas antiherbivore defences did not directly influence any of the traits we measured (question 1).
We found that invertebrate and vertebrate herbivores (question 2) and cyanogenic plant defences (question 3) both altered selection on the number of inflorescences. Both invertebrate and vertebrate herbivores altered selection on flower size, although the presence of herbivore-mediated selection occurred only among acyanogenic plants (question 4). Overall, herbivores imposed stronger selection on plant reproductive traits than pollinators and the presence of cyanogenic plant defences consistently strengthened selection (question 5). We discuss the implications of these results as they relate to the agents responsible for imposing selection on plant reproductive traits.
| Effects of treatments on phenotypic traits and fitness
Biotic agents may alter selection by influencing patterns of resource allocation and the expression of phenotypic traits. In our experiment, both vertebrate and invertebrate herbivory were associated with changes in morphological floral traits and flowering phenology. Similarly, both invertebrate herbivores and meadow Strauss, Siemens, Decher, & Mitchell-olds, 1999; Strauss, 1997) , although in our case these effects were small (~1%). However, voles also consumed entire stolons with intact inflorescences and fruit resulting in a direct reduction in fitness, thereby explaining their stronger effect at reducing fitness relative to invertebrate herbivores.
Although cyanogenesis on its own did not influence the expression of plant reproductive traits, it interacted with vole damage to affect inflorescence production. Specifically, in the absence of vole damage, acyanogenic plants produced more inflorescences, whereas this effect was reversed in the presence of damage. HCN is predicted to be costly under conditions of low herbivore pressure (Daday, 1965; Dirzo & Harper, 1982b; Kakes, 1989; Kooyers, Gage, Al-Lozi, & Olsen, 2014) , and our results support this prediction and
show that HCN can be beneficial in the presence of vole damage, but costly in its absence. In contrast to herbivores and cyanogenesis, the effects of pollinators in influencing trait expression were minor, likely because pollinators only interact with plants once flowers have already been produced. Together, our results show that herbivores alter the expression of several reproductive traits and mean fitness, which may alone be sufficient to alter selection.
| Selection on reproductive traits imposed by plant defence, herbivores and pollinators
Cyanogenic plant defences and invertebrate and vertebrate herbi- F I G U R E 4 Strength of defence-mediated, herbivoremediated and pollinator-mediated selection acting on each of the reproductive traits in our experiment. Selection gradients were obtained by performing multivariate selection analyses on subsets of our data (e.g., ambient herbivory only, cyanogenic plants only). Thus, the effects of each agent on selection are averaged across the other agents present in the experiment. Also shown is the mean strength of selection across all six traits ±95% confidence intervals. Defence-mediated selection was calculated as the strength of selection on a trait among cyanogenic genotypes (i.e., β HCN+ ) minus the strength of selection on that trait among acyanogenic genotypes (i.e., β HCN− ). Herbivore-mediated selection was calculated as β Ambient − β Reduced , and pollinator-mediated selection was calculated as β Open − β Supplemental . Inset shows the absolute value of the strength of defence-, herbivore-and pollinator-mediated selection. The presence of cyanogenic plant defences consistently increased the strength of positive directional selection on reproductive traits. Herbivores and pollinators both strengthened and weakened the strength of selection on reproductive traits, although herbivores tended to exert stronger selection (Ashman & Morgan, 2004; Trunschke, Sletvold, & Ågren, 2017) , although examples of selection by pollinators in the absence of pollen limitation do exist (Caruso, Scott, Wray, & Walsh, 2010; Galen, 1996; Parachnowitsch & Kessler, 2010) . This may occur because of environmental variation that alters pollinator behaviour (e.g., presence of co-flowering species) and increases individual variation in pollination success. In such cases, populationlevel pollen limitation may be a poor predictor of the strength of pollinator-mediated selection (Sletvold & Ågren, 2014) . Future work in systems where pollen limitation is more common will inform the generality of this result. Such studies should take explicit consideration of underlying defensive phenotype, including the metabolic components of defence, and manipulate the herbivory environment, to enable a better understanding of the relative effects of plant defences, pollinators, and herbivores in imposing selection on reproductive traits. We speculate that the role of herbivores and defences in altering selection on plant reproductive traits will be greatest when pollen limitation is absent, and decline in importance in plant species with stronger pollen limitation.
| CON CLUS ION
The diversification of plant reproductive traits has been driven by coevolutionary interactions between plants and their associated mutualists and antagonists. Although the roles of herbivores and pollinators in this process have typically been studied in isolation, increasing evidence suggests that the evolution of reproductive traits and plant defences are interdependent (Campbell, 2014; Carr & Eubanks, 2014; Johnson et al., 2015) . We have provided an experimental test of how the expression of plant defences alters herbivore-and pollinator-mediated selection on plant reproductive traits using a system with discrete variation in their defensive strategy.
Our results provide the strongest evidence to date that the effects of endogenous plant defences on the evolution of plant reproductive traits are driven primarily by their role in altering interactions with herbivores, rather than allocation costs associated with the plant's investment in chemical defence or interactions with pollinators. In addition, our results support the recent conclusion that herbivores often impose stronger selection on plant reproductive traits than pollinators (Johnson et al., 2015) , although we stress that the absence of pollen limitation in our system likely contributed to this effect. Finally, our results highlight plant defences as important agents consistently strengthening selection on reproductive traits. Most plants contain quantitative variation in plant defensive chemistry, which may increase the opportunity for-and strength of-defencemediated changes in selection due to greater variation in defensive phenotype among individuals. Thus, an important avenue for future research will be to understand how continuous variation in plant defences alters biotic selection by herbivores and pollinators on plant reproductive traits in a broader range of systems.
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